Type II restriction endonucleases recognize specific DNA sequences and cleave both strands of the DNA at fixed locations at or near their recognition sites. Many of these enzymes are dimeric proteins that recognize, in symmetrical fashion, palindromic DNA sequences. They generally catalyse independent reactions at each recognition site on the DNA, although in some cases they act processively ; cutting the DNA first at one site, then translocating along the DNA to another site and cutting that before leaving the DNA. The way in which the degree of processivity varies with the length of DNA between the sites can reveal the mechanism of translocation. In contrast with the common view that proteins move along DNA by ' sliding ', the principal mode of transfer of the EcoRV endonuclease is by ' hopping ' and ' jumping ', i.e. the dissociation of the protein from one site followed by its re-association with another site in the same DNA molecule, either close to or distant from the original site. Other type II restriction enzymes require two copies of their recognition sites for their DNA cleavage reactions. Many of these enzymes, such as SfiI, are tetramers with two DNA-binding surfaces. SfiI has no activity when bound to just one recognition site, and instead both DNA-binding surfaces have to be filled before it becomes active. Although the two sites can be on separate DNA molecules, SfiI acts optimally with two sites on the same DNA, where it traps the DNA between the sites in a loop. SfiI thus constitutes a test system for the analysis of DNA looping.
any one site will that DNA survive in the cell [3] . The bacterium's own DNA will be methylated in both strands at every recognition site. After semiconservative replication, these sites will be methylated in the template strand only, but methylation of one strand is sufficient to block restriction. The modification enzyme then methylates the newly synthesized strand before the next round of replication.
The enzymes that mediate restriction-modification fall into three types. In the type I and the type III systems, both restriction and modification are carried out by a multifunctional enzyme [4] [5] [6] . The enzymes are oligomeric proteins composed of two or more different subunits that are responsible for the restriction and the modification activities and\or the recognition of the target sequence. While the type I and type III enzymes recognize specific DNA sequences, their restriction subunits do not cleave DNA at the recognition site, but instead at various distances along the DNA from the site.
The type II systems employ separate enzymes for restriction and modification [7, 8] . The modification enzymes are generally monomeric proteins. In each turnover, they methylate the recognition sequence in one strand, and two turnovers are needed to methylate both strands of an unmethylated site. Their primary reaction is the restoration of full methylation following DNA replication. The restriction enzymes are often dimers of identical subunits that cut both DNA strands in one turnover, although several exceptions are noted below. In contrast with the type I and type III enzymes, the type II restriction enzymes cut the DNA at specified phosphodiester bonds in or adjacent to their recognition sites [9] . With one exception [10] , Mg# + is required for DNA cleavage.
Type II restriction enzymes
The ability of the type II enzymes to cleave DNA in vitro only at their recognition site(s) has lead to multitudinous applications in the analysis and manipulation of DNA [11, 12] . This has prompted extensive screening of bacteria for these enzymes, by biochemical assays and by genome analyses [13, 14] . Some bacteria contain more than 20 different restriction-modification systems. At present, 3333 type II enzymes have been identified, encompassing 228 distinct specificities [1] . In many instances, the enzymes from different species cleave DNA at the same sites [7] .
The recognition sites for many restriction enzymes are fully defined palindromic sequences of 4-8 bp in length ; for example, HhaI cuts at GCG7C, EcoRV at GAT7ATC and NotI at GC7GGCCGC, where 7 marks the point of cleavage. These sites are symmetrical : the 5h-3h sequence in the ' top ' strand is the same as that in the ' bottom ' strand. Other enzymes act at degenerate sequences, where certain positions can be occupied by alternative bases, e.g. EcoRII at 7CC(A\T)GG and Cfr10I at (A\G)7CCGG-(T\C). In further cases, the specified sequence is interrupted by a block of unspecified sequence but specified length : for example, SfiI at GGCCnnnn7nGGCC and XcmI at CCAnnnnn7nnnnTGG, where n denotes any base. Both the degenerate and the interrupted sites are effectively symmetrical ; in the former, the degeneracies are usually at symmetrical positions, and in the latter the specified base pairs either side of the nonspecific block are related by symmetry. However, some type II restriction enzymes, the type IIs enzymes, recognize asymmetrical sequences and cleave the DNA at fixed distances downstream of the recognition site, e.g. FokI at GGATG(9\13), BsmI at GAATGC(1\k1) and BpmI at CTGGAG(16\14), where the numbers after the sequence indicate the numbers of bp between the recognition site and the points of cleavage in ' top ' and ' bottom ' strand respectively. Finally, another subset, typified by BcgI, cleave both DNA strands at fixed locations on both sides of the recognition site, to liberate a small DNA fragment carrying the recognition site [15] .
The genes for many type II systems have been sequenced [16] . The methyltransferases from different systems often have extensive similarities in amino acid sequence [17, 18] , but the different restriction endonucleases show almost no sequence similarities. Just about the only sequence that is widely conserved among restriction enzymes is a short motif, Pro-Asp-Xaa "! -#! -(Asp\ Glu)-Xaa-Lys [19] . In all cases where the crystal structure of the enzyme is known [8] , this motif is found at the active site : the two acidic residues form part of the co-ordination shell for the Mg# + ions, while the lysine residue is thought either to neutralize the negative charge on the phosphate or to act as a proton donor\acceptor during phosphodiester hydrolysis [20, 21] . Yet even within this motif, variations are found, e.g. the lysine is replaced by glutamate in BamHI and by glutamine in BglII [22] .
Crystal structures are currently available for about ten restriction enzymes (reviewed in [8] ). For EcoRV and BamHI, the solved structures include the free enzyme, the enzyme bound to non-specific DNA, the enzyme bound to its specific recognition sequence, the enzymesubstrate-metal-ion complex (with Ca# + , to prevent DNA cleavage [23] ), and the enzymeproduct-metal-ion complex after DNA cleavage [20, [24] [25] [26] [27] . The structures for most restriction enzymes reveal a dimeric protein bound symmetrically to a palindromic sequence, in much the same way as had been proposed in the very first study of a type II restriction enzyme [9] . The contacts between one subunit of the protein and one-half of the recognition sequence are largely, but not always fully [25] , duplicated by the second subunit with the other half of the DNA.
A variety of structural features are used to contact the DNA [8] . The nucleotide sequence is recognized primarily from the major groove, and many of these enzymes contact every single hydrogen-bonding function on the bases that are accessible from the major groove, although there are exceptions. For instance, EcoRV makes multiple contacts to the first 2 bp and the last 2 bp in its 6 bp recognition sequence, but none to the middle 2 bp [24] , yet substitutions at these central positions ablate its activity as thoroughly as substitutions at the contacted bases [28, 29] . The binding of EcoRV to its recognition sequence deforms the structure of the DNA. ' Indirect readout ' may then play a role, with only the cognate sequence being able to take up the requisite configuration [30] . Although EcoRV causes a major distortion to the structure of its cognate DNA, other enzymes produce subtle distortions, yet these also act to mould the DNA to the protein [31] .
Despite the lack of sequence similarity among the type II restriction enzymes, their tertiary structures are often like others in this group. The structures of EcoRI, BamHI and BglII are similar to each other [22] , as are those of EcoRV, PvuII and BglI [32] . For instance, BglI uses essentially the same structures for DNA recognition and catalysis at an 11 bp interrupted site, GCCnnnnnCCG, as EcoRV at a 6 bp uninterrupted site. The different subunit interfaces in BglI and EcoRV place these structural elements at different positions along the DNA axis. However, the structures typified by, respectively, EcoRV and EcoRI have relatively little in common apart from a central β-sheet, flanked by α-helices, that carries most of the catalytic functions. Many other enzymes engaged in DNA replication, repair, recombination and transposition have since been found to possess this core structure ( [33] , and references therein).
Reaction mechanisms
After the binding of a dimeric restriction enzyme to its recognition site, the scissile phosphodiester bond in one DNA strand is positioned in one active site of the dimer and the corresponding bond from the second strand in the other active site. The intrinsic rate constants for cutting the two strands are usually equal, which means that the apparent rate constant for cutting the first strand is twice that for the second : the first strand to be cut can be cleaved in either of the two active sites, but the second can only be cleaved by the active site on the strand that was not cut in the first reaction [34] . However, the rates for cutting both phosphodiester bonds are often much higher than that for the subsequent dissociation of the enzyme from the DNA [35, 36] . The nicked DNA then exists only as a transient enzyme-bound intermediate, and the initial product liberated from the enzyme is the DNA cleaved in both strands.
The reactions can be monitored by using as a substrate a supercoiled (SC) plasmid that has one target site for the enzyme. The cleavage of one strand generates the open-circle (OC) form of the DNA, and the cleavage of both strands generates the full-length linear (FLL) form. Samples taken from the reaction at various times are analysed by electrophoresis, to separate the SC, OC and FLL forms from each other, and the concentrations of each, at each time point sampled, can then be determined [34] [35] [36] . Alternative substrates include duplexes made from synthetic oligonucleotides. Such duplexes permit alterations to the substrate, with base analogues or phosphorothioate substitutions [29, 37] , but oligoduplexes may fail to reflect the behaviour of the enzyme on native (macromolecular) DNA. EcoRV shows the same rate constants for phosphodiester hydrolysis on oligoduplexes and plasmids, but its rate of dissociation from the cleaved oligoduplex is higher than that from the cleaved plasmid [21] . The departure of the enzyme from a cleaved plasmid occurs via a large number of transient associations with non-specific sites, and thus takes longer than from a cleaved oligoduplex [36, 38] .
For all restriction enzymes where the stereochemical path of phosphodiester hydrolysis has been determined, the cleavage to the 3h hydroxy and 5h phosphate groups occurs with inversion of configuration at the scissile phosphate, indicative of a direct attack by water in line with the 3h leaving group [37, 39] . Although attempts have been made to produce a unified mechanism for all restriction enzymes [8] , the actual mechanisms seem to differ from enzyme to enzyme. As noted above, the key active-site residues are not fully conserved among these enzymes, and they also differ with respect to the number and the precise positioning of the metal ions at each active site [21, 40] . While BamHI, BglI and EcoRV need two metal ions per active site [26, 32, 41] , BglII and EcoRI may use just one [22, 41] , and BfiI none [10] .
Sequence discrimination
The key feature of restriction enzymes is not their ability to cleave DNA at their recognition sequences, but rather their ability to avoid cleaving DNA at any other sequence. In vivo, not all of the sequences similar to the recognition site are protected by methylation, and restriction activity at non-cognate sites, one base pair different from the cognate site, can cause cell death. This effect will be ameliorated to some extent by DNA ligase proof-reading restriction activity in vivo [42, 43] . When EcoRV cleaves non-cognate sites, it dissociates from the DNA in the time interval between cutting the two strands, thus allowing ligase to repair the nick before the nuclease has made a double-strand break [28, 43] . Even so, these enzymes need to be highly specific for their recognition sequences, to avoid making double-strand breaks at other sequences. In vitro, double-strand breaks are made more slowly at non-cognate sites than at cognate sites, by factors that vary from 10'-fold to 10)-fold and upwards, depending on which individual base pair differs from the cognate sequence and on the flanking sequences around the sites [28, 44, 45] .
The difference in cleavage rates at cognate and non-cognate sites could, in principle, be due to preferential binding to the recognition site. In the absence of Mg# + , some restriction enzymes, such as EcoRI, bind much more strongly to the recognition site than to other DNA sequences. The difference in binding energies is large enough to account for a major fraction, although not all, of the specificity for that site in DNA cleavage reactions with Mg# + [46, 47] . In contrast, other restriction enzymes, such as EcoRV and BglI, bind to DNA under equivalent conditions without any preference for the recognition site [48] [49] [50] . In the absence of bivalent cations, the addition of EcoRV to DNA molecules of 50-400 bp in length, that have one or no EcoRV sites, results in a series of DNA-protein complexes that consist of the DNA carrying 1, 2, 3 … x molecules of protein, where x is the maximum that can fit on to that length of DNA. A statistical mechanical analysis of these data gave the same equilibrium constant for the binding of the first, second … xth molecule of the protein [48] . This conclusion was largely confirmed by using oligoduplexes with fluorescent labels, which gave a 2-5-fold higher affinity for the cognate site over a non-specific site [51] ; on a DNA of 50 bp, the sum of affinities for all of the non-specific sites would outweigh a 5-fold preference for the specific site, so that the enzyme would rarely be at the specific site.
The large number of hydrogen bonds seen in the crystal structure of EcoRV bound to its recognition site, but which are absent from its complex with non-specific DNA [24] , must therefore have virtually no net energy [52] . However, the non-specific DNA bound to EcoRV retains a B-like configuration, and a substantial fraction of the energy from the hydrogen bonds to the cognate sequence may be used in deforming the DNA into the distorted configuration seen in the specific complex. The distortion places the phosphate at the scissile bond close to the aspartate residues at the active site, so that a metal ion can then be chelated between the phosphate and the aspartates. In the non-specific complex, the undistorted DNA is too far away from the active site for crossco-ordination with a metal ion. (In the nonspecific complex with BamHI, the DNA again lies distant from the active site [27] .) This model accounts for the observation that, when located at its recognition site on DNA, EcoRV has a high affinity for Mg# + and proceeds readily into its DNA cleavage reaction ; however, when located at a non-cognate site, it has a very low affinity for Mg# + and is thus prevented from cleaving DNA [28] . The significance of the metal ions was confirmed by using Mn# + as a cofactor for EcoRV in place of Mg# + : a 10'-fold ratio in reaction rates at cognate and non-cognate sites observed in the presence of Mg# + became a 6-fold ratio with Mn# + [53] . When located at a non-cognate site, EcoRV has a much higher affinity for Mn# + than for Mg# + , so that the non-cognate site is cleaved more readily with Mn# + [21] .
The binding of a restriction enzyme to DNA cannot be studied in the presence of Mg# + or Mn# + , on account of the ensuing DNA cleavage reaction.
Nevertheless, the effects of bivalent metal ions on binding can be studied by using either an inactive mutant of the enzyme with Mg# + [54] or the wildtype enzyme with Ca# + as an inactive cofactor [23] . Both approaches show that EcoRV binds to DNA in the presence of bivalent metal ions with a marked preference for the recognition site over other DNA sequences. This again demonstrates that the metal ions play key roles not only in catalysis but also in sequence recognition, the latter by holding the enzyme at the cognate site. The effect of Ca# + in inducing specific binding to the recognition site has since been observed with many other restriction enzymes, for example BglI [50] . The similarities of a number of enzymes to EcoRV in terms of their reaction mechanisms and\or crystal structures, and of others to EcoRI, suggest that the type II restriction endonucleases can be categorized into two groups, the EcoRVlike and the EcoRI-like enzymes [55] .
One site or two ?
All of the studies described above used DNA substrates that have one recognition site for the enzyme in question. However, significantly more information about the mode of action of a restriction enzyme can be obtained by studying its reactions on a DNA with two copies of its
Figure 1

Reaction mechanisms for restriction enzymes
The boxed panel denotes the processes that relate to the steady-state reaction velocities ν 1 , ν 2A and ν 2B . The rows show various modes of action of a type II restriction enzyme (indicated as a small filled circle) on a circular DNA (black ring) with two copies of its recognition site (hatch marks), giving rise to products cleaved at one site (long black line with hatch mark) and at both sites (short black lines). Also shown in each row are the relative values of ν 1 , ν 2A and ν 2B for that scheme.
recognition sequence [50, 56] . Such studies have shown that these enzymes use a much wider range of mechanisms than had been anticipated. In particular, many of the reactions of these enzymes span two sites that are distant from each other in the DNA [57] . The different mechanisms can be distinguished from each other by the strategy shown in Figure 1 . In this scheme, a SC DNA with one copy of the target site is cleaved to FLL DNA at a velocity ν "
, while a SC DNA with two sites is cleaved at one site (at a velocity ν #A ) to FLL DNA and then at the other site (at a velocity ν #B ) to two linear fragments. (The site on the DNA with one site and both sites on the two-site substrate are all equivalent, to avoid variations due to flanking sequences [34, 45] . ) An orthodox enzyme that catalyses independent reactions at each site will cleave the two-site substrate with the characteristic kinetics of a twostep sequential pathway [58] , with ν #A equal to ν #B (and to ν "
). However, some restriction enzymes act processively (Figure 1 ), first cleaving one site and then transferring directly to the second site without departing from the DNA [38, 47] . Less of the FLL form will be generated during this reaction than from independent reactions at each site, so ν #B is in effect higher than ν #A , while ν #A is equal to ν " .
A substantial number of type II restriction enzymes have to interact with two copies of the recognition site before cleaving DNA [57] . Some of these act concertedly, cleaving both sites before dissociating from the DNA [56, [59] [60] [61] . Concerted action means that ν #B will be higher than ν #A but, because interactions in cis, across two sites in the same DNA molecule, are intrinsically favoured over interactions in trans, bridging two DNA
Figure 2
Action of restriction enzymes on DNA with one or two sites (a) Reactions, in the optimal buffer for BsmI at 65 mC, contained BsmI (12 units/ml) and DNA (5 nM) ; the DNA was either a plasmid with one BsmI site or a plasmid with two BsmI sites. (b) Reactions, in the optimal buffer for BpmI at 37 mC, contained BpmI (10 units/ml) and DNA (10 nM) ; the DNA was either a plasmid with one BpmI site or a plasmid with two BpmI sites. Samples were taken from the reactions at the indicated times, and the amounts of the DNA substrates were measured as before [57] : $, intact DNA with one recognition site ; , intact DNA with two recognition sites.
molecules [62] , ν #A will usually be higher than ν " . Other enzymes that need two sites use one copy of the recognition sequence not as a substrate but as an activator for the cleavage of the other site [63] [64] [65] [66] . For these enzymes, a DNA with two target sites will be cleaved more rapidly than DNA with one, due to the cis\trans effect noted above (i.e. ν #A will be greater than ν " ), but the main product from the two-site substrate is FLL DNA cut at just one site (i.e. ν #A is also greater than ν #B ). To illustrate the identification of a restriction enzyme that needs two copies of its recognition site for its DNA cleavage reactions, Figure 2 shows the rates at which two type IIs restriction enzymes, BsmI and BpmI, consume substrates that have one or two copies of the relevant recognition sequence. For BsmI (Figure 2a) , the rate of utilization of the substrate with two BsmI sites is the same as that of the substrate with one site. This indicates that BsmI catalyses independent reactions at individual sites, in the same manner as an orthodox type II enzyme such as EcoRV or BamHI. In contrast, BpmI cleaves the DNA with two BpmI sites more rapidly that that with one site (Figure 2b ), which indicates that BpmI achieves its optimal activity only after interacting with two copies of its recognition site.
Hopping and jumping
Processivity by a restriction enzyme permits an examination of a long-standing question in DNA recognition [38, 47] , namely : how does a protein find its target sequence in DNA amid a very large number of alternative sequences ? The initial encounter of a protein with a DNA will hardly ever be at the target site, and it will almost always be at a non-specific site elsewhere in the DNA. Nevertheless, proteins can find their target sites very rapidly, so they must translocate from the initial random site to the final specific site by an intramolecular process [67] . At present, it is commonly assumed that the translocation occurs by ' sliding ' [68] , i.e. the one-dimensional linear diffusion of the protein along the DNA contour (Figure 3a) . However, the translocation could, at least in principle, occur through three-dimensional space, via multiple dissociation\re-association events within the same molecule of DNA (Figure 3b) . In dilute solution, each DNA molecule inhabits a discrete domain, which contains a high concentration of nucleotides, but these are separated by many domains that contain no DNA [69] . Hence if a protein dissociates from a DNA molecule, it has a much higher probability of rebinding to the same molecule than to a different molecule. Indeed, the majority of the re-associations will be at, or within a few base pairs of, the initial site, a process called ' hopping ' [69] . However, on occasions, the protein will ' jump ' to a distant site tens or hundreds of base pairs away from the original site.
Figure 3
Intramolecular transfer (a) An enzyme (indicated by the grey circle) that acts in a processive manner on a DNA with two recognition sites (marked 1 and 2) could, after cleaving site 1, proceed to site 2 by onedimensional linear diffusion (sliding) along the DNA contour. (b) Alternatively, the enzyme could proceed to site 2 by multiple dissociation/re-association events (hopping and jumping) within the domain of the DNA.
Table 1
Hopping and jumping, or sliding
The reactions contained EcoRV endonuclease (25 pM) and a DNA (5 nM) containing two EcoRV sites separated by one of the lengths of DNA shown in the first column. The processivity factor (f P ) was evaluated for each reaction [38] . The increase in the length of DNA between the EcoRV sites (intersite spacing) is expressed relative to that with the 54 bp spacing, and these values were used to calculate the decrease in f P relative to that observed with the 54 bp spacing for the n 2 -dependence for one-dimensional (1-D) transfer, and for the n 1 2 -dependence for three-dimensional (3-D) transfer. The actual decrease in f P relative to that observed with the 54 bp spacing is shown in the final column. Data are from [38] .
Expected decrease in f P (relative to 54 bp) One approach to the mechanism of target-site location uses a series of DNA molecules of various lengths, with one copy of the target site in each. The kinetics and\or the equilibria for the binding of the protein to each DNA are then analysed as a function of the DNA length. However, a long DNA will always be a better substrate for the initial collision than a short DNA, and it is difficult to distinguish the alternative routes by this approach. The data are often correlated with onedimensional transfer by sliding, without eliminating or even considering three-dimensional routes [68] . The one-dimensional and the threedimensional pathways can, however, be differentiated by measuring the processivity of an enzyme on a series of DNA molecules with two target sites separated by various distances [38] . (The processivity factor is defined as the number of reactions in which the enzyme cleaves both sites before departing from the domain of the DNA relative to the total number of reactions [47] .) If the sites are n bp apart, a random one-dimensional walk along the DNA from one site to the other takes a mean of n# steps [70] . On the other hand, the efficiency of transfer through three-dimensional space depends on the ' straight line ' distance between the sites [70] . The mean distance between two sites n bp apart is, in a random coil, proportional to n " # [71] . Hence the processivity factors will decline with increasing inter-site spacing as a function of n# for the one-dimensional sliding pathway, and as a function of n " # for a three-dimensional hopping\ jumping pathway [38] . (The n " # term is in fact a simplifying limit for three-dimensional transfer, but a complete analysis, from [71] , still gives rise to a shallower length dependence than for onedimensional transfer.)
When the EcoRV endonuclease was tested against a series of DNA substrates containing two EcoRV sites separated by various distances [38] , the processivity factors declined as the length of DNA between the sites was increased, but the decline was less pronounced than expected from the n# dependence for one-dimensional sliding (Table 1) . For example, a 14-fold increase in the inter-site spacing resulted in a 2.8-fold decrease in the processivity factor, while the decrease would have been 200-fold if the transfer had been by sliding. In contrast, the n " # dependence for threedimensional transfer predicts a 3.8-fold decrease in processivity for this change in inter-site spacing. The data (Table 1 ) thus exclude the possibility that EcoRV translocates from one site to another by one-dimensional sliding along the DNA (Figure 3a) , and indicate instead that the transfer occurs by multiple dissociation\re-association events (Figure 3b ). Although it has been widely assumed that proteins move along DNA by sliding [68] , three-dimensional transfer by hopping and jumping may well be the general mechanism.
Looping
Another long-standing question in DNA recognition that can be examined with restriction enzymes is ' action at a distance on DNA ' [72] . It has been known for a long time that many genetic processes involve communications between distant DNA sites [62, 73] . These processes include DNA replication, recombination, repair and transcription. This list has recently been extended by the inclusion of numerous systems for the restriction of DNA [57] . As noted above (Figures 1  and 2b) , several type II restriction enzymes have to interact with two copies of their recognition site before they can cleave DNA. Some of these enzymes act in a highly concerted manner, cutting both strands at both sites before departing from the DNA. The SfiI endonuclease demonstrates this behaviour [59] . SfiI generally cleaves substrates with two SfiI sites more rapidly than substrates with one site, and it generally converts the DNA with two sites directly into the final products cut at both sites, without liberating DNA cut at one site [74] [75] [76] . Moreover, its slow reaction on a plasmid with one SfiI site is accelerated by the addition of an oligoduplex that has the recognition sequence for SfiI [59] . It also shows sigmoidal kinetics with oligoduplex substrates, indicative of a co-operative system with a Hill coefficient of 2 [77] .
Unlike the dimeric restriction enzymes such as EcoRV and BamHI, SfiI is a tetramer of identical subunits [59, 76] . The tetramer has two binding sites for its cognate DNA [77] , each presumably made from two subunits, as in the crystal structures of Cfr10I and NgoMIV, two enzymes that act like SfiI [60, 61] . SfiI has no activity when only one of its DNA-binding sites is occupied by its cognate DNA, and instead it is active only when both DNA-binding sites are filled [77] . The two DNA segments are bound cooperatively, which indicates that the binding occurs with a concerted conformational change affecting all four subunits of the protein. Although SfiI can bind two DNA sites in trans, it prefers sites in cis [59, 74] . Communications between sites in cis can occur by the directional tracking of a protein along the DNA, an energy-requiring process normally fuelled by ATP, as is the case with the type I and type III enzymes [4] [5] [6] . Alternatively, the flexibility of long DNA chains can lead to the juxtaposition of the sites in threedimensional space, which then allows the protein to bind concurrently to both sites and to hold the intervening DNA in a loop [62] . These schemes can be resolved with catenanes containing two interlinked rings of DNA with one target site in each ring [73] . A tracking process that starts from one site and then tries to progress along the DNA to the other site is doomed to failure on a catenane [78] , but the interlinking of the rings facilitates the juxtaposition of the sites in three-dimensional space. When this strategy was used on SfiI, the catenane with one site in each ring was cleaved faster than the uncatenated circles of DNA and almost as rapidly as the parental plasmid with two sites in cis [75] . Thus SfiI interacts with its two sites by DNA looping through three-dimensional space.
Further support for DNA looping by SfiI came from experiments using plasmids with two SfiI sites separated by distances varying from 150 to 170 bp [79] . As with other DNA-looping systems [62] , the activity of SfiI on these plasmids varied cyclically with the length of DNA between the sites, with a periodicity close to that for the helical repeat of DNA. However, the optimal substrates for SfiI are not those in which the sites are separated by N helical turns (where N is an integer), but rather those with separations of Nj" # turns [80] . The half-helical turn arises from the geometry of the DNA loop trapped by the binding of two SfiI sites to the opposite sides of the tetrameric protein. The curvature of the intervening DNA is akin to a writhe of either j" # or k" # , which call for, respectively, the over-or the underwinding of the duplex by half a turn [80] .
While many restriction enzymes loop out the DNA between two recognition sites in cis, they use several different mechanisms for trapping the loop (Figure 4 ). In the tetrameric enzymes such as SfiI, Cfr10I and NgoMIV, two subunits bind first to one site in the DNA ; then, whenever the second site in the DNA comes close to the protein at the first site, it is trapped by the other two subunits of the protein (Figure 4a ). On the other hand, DNA looping by SgrAI [57] seems to involve a dimeric form of the protein at both sites prior to proteinprotein interactions between the DNA-bound dimers (Figure 4b ; L. Daniels and S. E. Halford, unpublished work). Another route to DNA looping is illustrated by FokI, a type IIs enzyme. FokI is a monomeric protein, and its asymmetrical recognition sequence is recognized by a single subunit, but one subunit contains the catalytic 
DNA looping
The DNA is shown as parallel lines, with hatch marks indicating the recognition sites. The stippled rectangles denote the minimal unit of the protein required to bind to one recognition site : either a dimer for a palindromic site or a monomer for an asymmetrical site. The delineation of the rectangles with black borders indicates a distinct conformation for the DNA-bound protein. In (a), a protein with two DNA-binding clefts, such as SfiI, binds first to one site and then to the second. In (b), two molecules of a protein with one DNA-binding cleft, such as the dimeric form of SgrAI, bind individually to two sites in the DNA and then interact with each other. In (c), a protein with one DNA-binding site, such as FokI, binds to one site and then associates with a second molecule of the protein, which proceeds to bind to another site in the DNA.
functions for cleaving just one strand of the DNA [81] . To cut both strands, a monomer of FokI bound to one recognition site associates transiently with a second monomer [82, 83] , but this association is stabilized by the second monomer binding to another FokI site elsewhere in the DNA (Figure  4c ; A. Bath and S. E. Halford, unpublished work). Many of the type IIs enzymes, including FokI, cleave substrates with two recognition sites faster than substrates with one site ; see BpmI ( Figure  2b ).
Conclusions
All type II restriction enzymes carry out essentially the same reaction, i.e. the specific cleavage of DNA at their recognition sites. In certain cases, marked similarities have been observed between some of these enzymes and others in the same group, in terms of their structures and\or reaction mechanisms, or both, e.g. EcoRV, PvuII and BglI [32, 50] . In other cases, only distant relationships can be detected among these enzymes, e.g. EcoRV and EcoRI [8] . However, the principal conclusion to be drawn from studies on the mode of action of restriction enzymes over the past few years is that these enzymes set about their common function, specific DNA cleavage at their recognition sites, via a very much wider range of mechanisms than could have been anticipated a few years ago. Among the type II restriction enzymes now known to deviate radically from the paradigms set by EcoRV and BamHI are BcgI [15] , BfiI [10] , BpmI (Figure 2b ) and many other type IIs enzymes including FokI [83] , Cfr10I [60] , EcoRII [63] , NaeI [66] , NgoMIV [61] , SfiI [59] and SgrAI [57] . Since 3333 type II enzymes have been identified to date [1] , it seems unlikely that the enzymes listed here provide examples of all of the schemes used by restriction enzymes to cleave DNA.
